Background--There is limited knowledge on the short-term influence of radiofrequency ablation (RFA) of atrial fibrillation (AF) on 2 cardiac biomarkers; the N-terminal pro-B-type natriuretic peptide (NT-proBNP) and the midregional fragment of the N-terminal of pro-ANP (MR-proANP) and 2 extracardiac biomarkers; the c-terminal provasopressin (copeptin) and the midregional portion of proadrenomedullin (MR-proADM). There are also limited data concerning cardiac production of the latter two.
MR-proANP seems to correlate with the duration of AF episodes. 10 The extracardiac peptides, that is, vasopressin and adrenomedullin (ADM), play a central role in cardiovascular endocrine metabolism. Vasopressin is produced in the hypothalamus, released from the neurohypophysis in response to hypervolemia and changes in plasma osmolality, and is important for the fluid regulation of the body. The plasma concentration of vasopressin increases in patients with HF attributed to inadequate cardiac output, low blood pressure, or increased vascular resistance. 11, 12 Vasopressin is a small unstable molecule that is mainly attached to platelets and rapidly cleared. 13 In contrast, c-terminal pro-vasopressin (copeptin), which shares the same parental molecule as arginine vasopressin (AVP), is a more-stable biomarker for clinical evaluation of cardiovascular disease. 11 ADM is a peptide with vasoactive and natriuretic properties. It is secreted in response to several hormonal agents, such as corticosteroids, and cytokines, such as tumor necrosis factor, but also attributed to physical stimulants, such as shear stress and stretch. [14] [15] [16] [17] MR-proADM, a product of the parental molecule of ADM, is stable and better suited for evaluation in clinical routines. 18 In a recent study, MRproADM was proved to be associated with the occurrence of AF in the general population, 19 and elevated MR-proADM levels have been reported to predict the recurrence of AF after RFA. 20 These biomarkers (ie, NT-proBNP, MR-proANP, copeptin, and MR-proADM) are important regulators of the hemodynamic status, but their role in patients with AF and, particularly, their immediate response to RFA have not been previously investigated.
The aim of this study was to analyze these biomarker responses in relation to presenting rhythm and their response to RFA, and to investigate whether or not any cardiac production of these peptides could be found.
Methods Study Design
This is an observational, single-center cohort study based on data from the SMURF (Symptom burden, metabolic profile, ultrasound findings, rhythm, neurohormonal activation, hemodynamics, and health-related quality of life in patients with AF) study. 21 
Settings/Participants
The study was conducted between January 2012 and April 2014. All patients referred for RFA of AF to the University Hospital in Link€ oping, Sweden, were considered for participation. The inclusion criteria were: (1) patients with paroxysmal or persistent AF; (2) patient age above 17 years; (3) patients referred to the hospital for the first RFA treatment; and (4) sufficient knowledge of the Swedish language to independently fill out the study questionnaires.
Patients were excluded if they: (1) had previously undergone catheter or surgical AF ablation; (2) had or were expected to require heart surgery; (3) suffered from severe HF with ejection fraction (EF) <35%; or (4) had acute coronary syndrome during the past 3 months before ablation. 21 In total, 338 patients with AF were referred to the Department of Cardiology, University Hospital in Link€ oping, Sweden, between January 2012 and April 2014 and selected for first-time RFA. Of those, 19 patients were excluded because of previous heart surgery, 8 because of EF <35%, 107 because of logistical reasons (we could only include 4 patients per week in the study), and 12 declined participation. Thus, 192 participants, 141 in sinus rhythm (SR) and 51 in AF, were included in the study (Figure 1 ), 64 of those with lone AF (ie, CHA2DS2 VASc score 22 of 0 for male and 1 for female, and no other known cardiac comorbidities). There were no baseline differences between participants included in our study and those excluded because of logistical difficulties or because they declined participation (Table 1) .
Informed Consent and Ethical Considerations
The regional ethical review board of the Faculty of Health Sciences, Link€ oping, Sweden, approved the protocol for this study (Registration No.: 2011/40-31). All participants gave their written consent, and study participation details were documented in the patient's medical record. The study complies with the Declaration of Helsinki. 23 
Echocardiography
All participants underwent transthoracic and transoesophageal echocardiographic examinations (TTE and TEE) before RFA. GE Vivid 7 or GE Vivid E9 systems (GE Healthcare, Horten, Norway) were utilized with a 3.5-MHz transducer for TTE and a 7-MHz transducer for TEE. Measurements and evaluations were performed according to the guidelines of the European Society of Echocardiography. 24 Blood pressure was measured in the left arm with the patient in the supine position, and heart rate was monitored during the examination. Left ventricular EF was calculated according to Simpson's biplane method. Left atrium (LA) volume was measured using the biplane area-length method. Left ventricular filling velocities (E and A) were obtained by pulsed-wave Doppler in the apical 4-chamber (4CH) view. Tissue Doppler images in the 4CH view were obtained and used offline in order to measure early diastolic velocity (E 0 ) in the mitral septal annulus. The E/ E 0 ratio was then calculated.
The left atrium appendage was visualized and examined thoroughly with TEE for the possible presence of thrombus.
Ablation Procedure
All procedures were performed under conscious sedation using propofol and remifentanil. Two transseptal sheaths were inserted into the LA through the right femoral vein and perfused with heparinized saline. Heparin was used to maintain an activated clotting time of >350 seconds throughout the procedure. RFA was conducted under the guidance of a computer-based mapping system (CARTO; Biosense Webster, Diamond Bar, CA). Mapping and ablation were performed with an open-irrigated catheter (ThermoCool; Biosense Webster). A 7-F multipolar (20-pole) circumferential diagnostic catheter was used for the assessment of pulmonary vein activation and isolation (Lasso; Biosense Webster). Radiofrequency energy was delivered in a power-controlled mode with a maximum energy setting of 35 W, but reduced to 25 W in the posterior wall. The endpoint of the procedure was electrical disconnection of all pulmonary veins by antral ablation, verified by entry and exit block of all pulmonary veins. With participants with persistent AF, additional ablation to create LA lines was at the discretion of the operator and verified by pacing maneuvers. Participants in AF were routinely converted to SR on completion of the RFA procedure.
Biomarkers
Blood samples were collected in plastic vials containing ETDA. Vials were centrifuged at 3100g for 20 minutes and then frozen at À70°C. No sample was thawed more than twice.
Concentrations of proBNP 1-76 (NT-proBNP) were analyzed on the Elecsys 2010 platform (Roche Diagnostics, Mannheim, Germany). The total coefficient of variation (CV) was 4.6% at 426.5 pg/mL (n=487) and 3.2% at 2308 pg/mL (n=495). Plasma concentrations of MR-proADM, copeptin, and MRproANP were analyzed on the Kryptor platform (Brahms AG, Hennigsdorf, Germany). Total CV for copeptin was 4% at a concentration of 15 pmol/L (n=18) and 3.5% at concentrations of 100 pmol/L (n=18). For MR-proADM, the intraassay CV, according to the manufacturer, was ≤10% for concentrations between 0.2 and 0.5 nmol/L, <4% for concentrations between 0.5 and 2 nmol/L, <2% for concentrations between 2 and 6 nmol/L, and <3.5% for concentrations over 6 nmol/L. The intraassay CV for MR-proANP according to the manufacturer was ≤5% for concentrations between 10 and 20 pmol/L, <3.5% for concentrations between 20 and 1000 pmol/L, and <3.5% for concentrations over 1000 pmol/L.
Subject Measurements
After screening, all potentially eligible patients received written information on the study and RFA procedure.
Before RFA, all participants received further oral information about the procedure and then signed the informed consent. A full baseline evaluation was performed, including medical history, physical examination, and a 12-lead electrocardiogram. All participants underwent TTE, TEE, and a computerized tomographic scan of the heart according to the clinical routine.
All participants were catheterized, and blood samples for the analysis of biomarkers (NT-proBNP, MR-proANP, copeptin, and MR-proADM) were drawn from the femoral vein, well into the coronary sinus (CS; the position of the catheter was evaluated in the left anterior oblique projection) and the LA (baseline sampling) by use of a multipurpose MR A1 high-flow catheter (Cordis, Johnson & Johnson Medical, Fremont, CA).
After baseline evaluation, the electrophysiologist in charge proceeded with the planned RFA as described previously. At the end of the procedure, blood samples were drawn from the femoral vein for biomarker analysis.
Blood samples were drawn from a peripheral vein the day after the RFA procedure while the actual rhythm and heart rate were noted down.
Evaluations

Measurement of possible changes in NT-proBNP,
MR-proANP, copeptin, and MR-proADM concentrations in relation to EF and the heart rhythm at the time of RFA, immediately after and the day after the RFA procedure. 2. Measurement of a possible concentration gradient between intracardiac and peripheral venous blood of copeptin and MR-proADM indicating a possible cardiac production of these 2 biomarkers and the levels of NT-proBNP and MR-proANP in LA and CS in relation to the heart rhythm at the time of RFA and EF. 3. Measurements of a possible correlation between the levels of 4 biomarkers.
Statistical Analysis
For baseline data, continuous variables are expressed as meansAESD. Variables, not normally distributed, are presented as median with interquartile range (IQR). Categorical data are presented as percentages. Participants with missing values were excluded from the planned follow-up analyses. In order to analyze the first and second outcomes, a repeated-measurement ANOVA was used. To compare the different levels in the repeated-measures ANOVA, a simple contrast comparison was used. The actual rhythms at the time of RFA and EF (<50%) were used as within-subject factors. The analysis was adjusted for covariates: age >65 years, sex, heart rate >100/min, body mass index (BMI) >30, type of AF (paroxysmal or persistent) and glomerular filtration rate (GFR) of <60 mL/min per 1.73 m 2 that were calculated by using a previously described cystatin-C formula. 25 The analysis for the primary outcome was additionally adjusted for the echocardiographical septal wall index E/E 0 >15 in order to adjust for signs of elevated filling pressure. 26 Logarithmic transformations of NT-proBNP, MR-proANP, and copeptin levels were used, because they were not normally distributed.
Spearman's correlation was used in order to study possible correlations between biomarker levels.
All reported P values are 2-sided, and a P<0.05 was considered statistically significant. In order to control the false discovery rate in multiple testing, the Benjamini and Hochberg method was used. 27 Analyses were performed using SPSS software (version 22.0; SPSS, Inc., Chicago, IL).
Results
Baseline Characteristics
In total, 192 participants were included in the SMURF study (56 women and 136 men), 190 were evaluated for the effect of RFA on biomarker levels, and 168 were available for the analysis of biomarker levels in different locations ( Figure 1 ). Baseline characteristics are presented in detail in Table 2 . At the time of baseline blood sampling, 51 of 192 participants were in AF. Mean procedural time was 186AE50 minutes with a median fluoroscopy time of 21 (IQR, 13) minutes. Total radiofrequency time was 40AE14 minutes. Additional ablation lines were performed in the LA in 17 participants whereas a right atrium (RA) isthmus line was drawn in 11 participants (Table 3 ). In 90.5% of cases, the ablation was considered preliminarily successful, that is, all pulmonary veins were isolated with complete entry and exit blocks.
Complications occurred in 7 participants (3.6%), where 2 suffered from cardiac tamponade requiring pericardiocentesis and 1 suffered from pericardial effusion not requiring pericardial drainage. Moreover, 3 participants developed pseudoaneurysm, and another patient developed a largerthan-normal hematoma of the groin.
RFA Effect on NT-proBNP and MR-proANP
RFA caused a significant change in NT-proBNP level immediately after and the day after the RFA procedure, compared to the baseline measurement, depending on the underlying rhythm (SR or AF) at the time of RFA (F=43.4; P<0.001). Participants in AF at baseline showed a significant decrease in NT-proBNP level on the day after RFA whereas those in SR before RFA showed a slightly increased level (F=43.2; P<0.001; Figure 2) . Furthermore, the NT-proBNP level in participants with EF <50% was reduced more on the day after the RFA procedure compared to those with EF >50% (F=15.8; P<0.001). The complication of pericardial effusion was entered as a covariate in these analyses without any significant impact on the result. Figure 3 ). The MR-proANP level was higher immediately after RFA compared to the baseline measurement (F=35.9; P<0.001) and decreased the day after RFA compared to baseline (F=116.7; P<0.001). Participants in AF at baseline had a higher increase in MR-proANP concentration directly after RFA compared to those in SR (F=9.5; P<0.002). The same reaction was also observed in participants with EF >50% whose MR-proANP concentration increased more, directly after RFA compared with those having an EF >50% (F=12.2; P<0.001).
RFA Effect on Copeptin and MR-proADM
The level of copeptin increased 6-fold immediately after RFA compared to baseline (F=131.2; P<0.001) and then normalized on the day after the ablation (F=0.753; P=0.387; Table 4 ; Figure 4 ). Neither the actual rhythm nor the EF played any significant role in the copeptin reaction on RFA.
The MR-proADM level decreased when measured immediately after RFA (F=80.9; P<0.001), but increased significantly on the day after RFA (F=34.9; P<0.001; Table 4; Figure 5 ). These changes occurred regardless of the actual rhythm. The MR-proADM level in participants with EF <50% reacted differently compared to those with EF >50% (F=4.6; P=0.02). Participants with EF <50% showed a greater decrease in their MR-proADM level (F=6.2; P=0.014), immediately after the RFA procedure.
Cardiac Production of Biomarkers
The MR-proADM level in peripheral venous blood was higher compared to the level both in CS (F=11.8; P<0.001) and LA (F=49.4; P<0.001). No such difference was found in copeptin (F=0.83; P=0.402; Table 5 ).
NT-proBNP and the MR-proANP levels differed significantly between the 3 different blood sampling sites (F=35.9; P<0.001 and F=33.2; P<0.001, respectively). Levels of both NT-proBNP and MR-proANP were higher in CS compared to peripheral venous blood (F=38; P<0.001/F=48.1; P<0.001), but no such difference was found between peripheral venous blood and LA (F=2.8; P<0.097/F=0.27; P<0.603, respectively; Table 5 ). Neither the actual rhythm nor the EF level had any influence on this measurement.
Correlations Between Biomarker Levels
The NT-proBNP level correlated significantly with the MRproANP level at each sampling site (peripheral blood: R=0.788; P<0.001; CS: R=0.795; P<0.001; LA: R=0.801; P<0.001).
Furthermore, the copeptin level seemed to have a weak, but significant, correlation with the MR-proADM level in peripheral venous blood (R=0.2; P<0.001).
Discussion
In this study, we examined the levels of 2 peptides with cardiac origin (the 2 natriuretic peptides) and 2 peptides with extracardiac origin (copeptin, MR-proADM) at 3 different sites (peripheral vein, CS, and LA) and their reaction to RFA. The main findings were (1) an immediate impact of RFA on all 4 biomarkers and (2) no cardiac release of MR-proADM or copeptin. Although some contribution of myocyte injury on the effect on biomarkers cannot be excluded, myocyte injury was not the major cause of this immediate impact. We studied highsensitivity troponin T (hsTropT) in a small number of patients in our cohort (32 patients) and found no correlation between hsTropT levels after RFA and the reaction of NT-proBNP, MRproANP, copeptin, or MR-proADM after RFA. Furthermore, concerning the NT-proBNP reaction, participants with different rhythms reacted differently, although all were ablated.
RFA Effect on Biomarkers
Cardiac biomarkers RFA effect on NT-proBNP. Interestingly, a decrease in NTproBNP was observed after the RFA procedure in participants in AF, who cardioverted or were cardioverted to SR during the procedure; in contrast, there was a slight increase in the level in participants in SR. The major cause of production and secretion of BNP is the increase in myocardial wall tension. 28 In addition, BNP increases after RFA in patients with supraventricular tachycardias (SVTs), probably attributed to myocyte injury. 29 Moreover, a previous study on patients with lone fibrillation reported higher levels of NT-proBNP, compared to healthy controls, 6 whereas restoration of SR by cardioversion led to a decreased BNP level. 30 Thus, several stimuli can increase the BNP level: one is myocyte injury 29 and another is volume overload during the RFA procedure, 31 whereas the restoration of SR can reduce the BNP level, probably attributed to reduced ventricular rate and changes in atrial and ventricular wall tension. In the present study, participants in AF showed a significant decrease in NT-proBNP on the day after RFA, which was probably secondary to the restoration of SR leading to reduced wall tension. On the other hand, participants in SR showed an increase in NTproBNP on the day after RFA, which was probably secondary to myocardial injury and volume overload. Our reported Data are presented as geometric means with 95% CI, but MR-proADM is presented as mean with 95% CI. Analyses of the course of peptides were performed with repeated-measurements ANOVA and were adjusted for covariates: BMI >30, GFR <60 mL/min per 1.73 m 2 , EF <50%, age >65 years, heart rate >100/min, E/E 0 , and sex. The potential statistical significance of those analyses are presented with P values. BMI indicates body mass index; EF, ejection fraction; GFR, glomerular filtration rate; MR-proADM, midregional portion of proadrenomedullin; MR-proANP, midregional fragment of the N-terminal precursor of atrial natriuretic peptide; NT-proBNP, N-terminal pro-B-type natriuretic peptide. NT-proBNP reaction concurred with 2 previous studies reporting similar BNP reactions post-RFA, 1 by Sacher et al. 32 on participants with persistent AF, and a recent study by Pillarisetti et al. 33 However, Gould et al. 34 reported a decrease in BNP level postablation in 20 participants (18 in SR, 2 in AF). This conflicting result might be explained by the fact that all selected participants had paroxysmal AF, and that the blood samples were retrieved immediately after RFA. Moreover, all RFA procedures were performed under general anesthesia in that study.
34
RFA effect on MR-proANP. We also observed an increase in MR-proANP immediately after RFA, followed by a decrease on the day after ablation. ProANP is known to be stored in secretory granules in atrial myocytes, and later to split into ANP and NT-proANP fragments upon secretion. This process is secondary to increased wall tension. 5, 35 The observed increase in MR-proANP can be explained by myocardial injury and volume overload during the RFA procedure, leading to an immediate release of the granule and thus secretion of MRproANP. The reduction in MR-proANP the day after the RFA procedure can be explained by depletion of MR-proANP in the atrial myocyte granule after the initial secretion during RFA, and is also the result of the cardioversion to SR resulting in less wall tension, and thus stimulates the secretion of the biomarker.
Extracardiac biomarkers
RFA effect on copeptin. Copeptin level increased immediately after RFA. RFA is known to cause myocardial damage and necrosis with considerable troponin elevation. 36 Copeptin level increases acutely in response to an acute myocardial infarction (AMI) 11 and stabilizes on a plateau for 3 to 5 days, and then returns to normal unless HF develops, which then causes the level to rise and remain high. 37 It is also known that the copeptin concentration changes in response to changes in plasma osmolality 38 and in response to the relatively large fluid volume administered during an RFA procedure performed with open-tip irrigation, as shown by Seiler et al. 31 Furthermore, AVP and copeptin contribute to the complex stimulation of the humoral stress response, resulting in adrenocorticotropic and cortisol release. 39 Thus, the fast increase in copeptin concentration can be explained by myocardial injury, volume overload, and endocrine stress response to the RFA procedure.
Our findings are in agreement with those of Jochberger et al., who reported a significant decrease in copeptin in patients undergoing noncardiac surgery without systematic inflammatory response syndrome (SIRS) compared to those with SIRS on the second postoperative day compared to the first postoperative day. This indicated an association between the postoperative copeptin response and the severity of systemic inflammation and cardiovascular failure. 40 RFA effect on MR-proADM. MR-proADM level in our cohort decreased immediately after RFA and increased on the day after RFA compared to the baseline measurement. Previous Data are presented as geometric means with 95% CI, but MR-proADM is presented as mean with 95% CI. Analyses were performed with repeated-measurements ANOVA and were adjusted for covariates: BMI >30, GFR <60 mL/min per 1.73 m 2 , EF <50%, age >65 years, heart rate >100/min, E/E 0 , and sex. The potential statistical significance of those analyses is presented with P values. BMI indicates body mass index; EF, ejection fraction; GFR, glomerular filtration rate; MR-proADM, midregional portion of proadrenomedullin; MR-proANP, midregional fragment of the N-terminal precursor of atrial natriuretic peptide; NT-proBNP, N-terminal pro-B-type natriuretic peptide.
studies have shown that ADM synthesis and secretion are stimulated by several hormones and cytokines, 41 and the level is elevated in patients with sepsis and is associated with short-term mortality. 42 Ventricular-derived, and not atrial, ADM production is activated in patients with HF. 43 In patients with AMI, ADM levels increased 44 and seemed to have cardioprotective actions against the increased excessive vasoconstrictors in AMI. The slight decrease in the MRproADM level in our study can possibly be explained by the administration of benzodiazepines and propofol during RFA, which attenuated the production of ADM. 45, 46 The consecutive increase in MR-proADM on the day after RFA was regarded as the main effect of RFA on MR-proADM. This increase can possibly be attributed to the triggered inflammatory process and the volume overload.
Cardiac production of biomarkers
Another important point is that no cardiac release of copeptin or MR-proADM was observed in our cohort.
As in previous studies, copeptin and MR-proADM were not studied extensively in patients with AF. We compared the levels of copeptin and MR-proADM in participants with lone AF in our cohort to the levels in a healthy population between the ages of 55 and 64, described by Morgenthaler et al. 18, 47 We found higher MR-proADM levels in the lone AF population, compared to the healthy population described by Morgenthaler. In contrast, Jougasaki et al., 48 in a previous study on patients with a mean EF of 33%, reported that ADM levels were higher in CS compared to the aorta, which we were unable to confirm in our study. However, our tested population consisted of patients with EF between 35% and 50%, thus comprising a population with a lesser degree of myocardial impairment. Regarding NT-proBNP and MR-proANP levels in different locations, previous studies have established that BNP and ANP are produced in the heart, and thus higher levels of these peptides can be measured in CS compared to peripheral blood, even in patients with normal systolic function, which the present study could also confirm. 28, 35 We observed that the participants in our cohort had 31% higher levels of NTproBNP and 39% higher levels of MR-proANP in CS compared to the measurement in LA.
Correlations between biomarkers
The strong correlation between MR-proANP and NT-proBNP is not surprising given that cardiac ANP and BNP gene expression is always regulated synchronously as the disease progresses. This means that the increased plasma concentration of 1 peptide is followed by increased concentration of the other. 5 
Clinical and investigational importance
To the best of our knowledge, there is no previous study providing such a comprehensive picture of different neurohormonal systems and the hemodynamical changes demonstrated in the same study population, evaluated at the same time. Furthermore, it is of clinical importance to recognize that RFA causes an immediate response in the different biomarkers evaluated in our study attributed to myocyte injury, volume overload, and stress, so the use of them for clinical reasons directly after an RFA should proceed with caution. On the other hand, these responses seem to be transient, as reflected by the copeptin and MR-proANP reaction, and of lesser importance compared to the hemodynamic changes of the AF conversion, as shown by NT-proBNP reaction. In addition, our study also showed the importance of being aware of the patient's actual rhythm when evaluating NT-proBNP levels. Patients with AF had higher NT-proBNP levels compared to patients with SR, and restoration of SR led to a rapid restoration of NT-proBNP levels not only in patients with persistent or longstanding persistent AF, but also for the whole AF population eligible for RFA.
Limitations
Our study is a single-center observational cohort study with a moderate sample size and no control group. Our sample consisted of a relatively heterogenic group of participants, including those with both paroxysmal and persistent AF, participants with normal or reduced EF, presenting in either SR or AF. Furthermore, we observed the same sex imbalance, as observed in previous studies, concerning RFA of AF. 32, 49 We only examined the levels of these biomarkers in intracardiac blood samples at the end of the RFA procedure and the day after the procedure. Additional analyses on the second day and after 1 week might have provided us with further insights into their production; however, this was not possible in the clinical setting we had.
Conclusion
RFA is a strong stimulus with a significant and direct impact on different neurohormonal systems. The level of NT-proBNP after RFA depended on the patient's actual rhythm, that is, the level decreased in patients with AF whereas it increased in patients with SR. On the other hand, the levels of MR-proANP, copeptin, and MR-proADM increased regardless of the current rhythm. No sign of a cardiac release of copeptin or MRproADM was found. This study provides new data that needs to be evaluated through further research regarding the mechanisms of the biomarker balance and its effects on the body and should also be assessed for potential clinical use in patients with AF.
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